Anodized films of titanium were prepared under different controlled conditions in a water-based electrolyte containing fluorine ions, using either a constant potential or a potential gradually rising to 20 V. The films were then examined using transmission electron microscopy at different stages of growth, in particular, the very early stages of growth (30 s, 200 s, and 10 min) and when the ordered nano-tubular structure was finally established (2-4 h). The use of ramped voltage during the early stages of anodization allowed a well-interconnected porous network to develop and maintained active oxidation throughout anodization. The film, as formed, consisted mainly of amorphous oxide/hydroxides of titanium with small regions of nano-sized crystals. These were found more often in the denser regions of the amorphous network, particularly the arms of the coral-like structure that formed. As the anodized film grew in thickness, the pores tended to become aligned, leading to a surface layer of nanotubes on the electrode material. Electron optical characterization revealed that the nanotubes consist of a stack of rings where the passage of the current had been optimized.
I. INTRODUCTION
Titanium oxide is an important material largely used as a white pigment in paints and food as well as ultraviolet (UV) ray protection in cosmetic products. It is of great interest to scientists and technologists for its chemical and physical properties and its stability. 1 It is suitable for many applications including biomedical, 2-7 gassensors, [8] [9] [10] [11] [12] [13] [14] photo-catalysis, [15] [16] [17] [18] [19] [20] [21] [22] [23] protection of lightsensitive materials, 24 and solar cell devices. [25] [26] [27] [28] [29] [30] [31] [32] In all these technologies, a very high surface area, in the form of nano-sized particles or nanotubes is required to maximize efficiencies and performance. Anodization, sol-gel, hydrothermal, and vapor deposition are some of the techniques normally used to generate different morphologies of the nanostructured titanium dioxide. 33, 34 A. Anodization
The generation of titania nanotubes via anodization of metallic titanium is a relatively new topic. 35, 36 Generally, a small addition of fluorine ions is required to initiate the formation of cavities in the anodic structure, enhancing conductivity and creating channels where current can flow, 37 although aqueous electrolytes containing chloride ions have also been used. 38, 39 The tubes have been shown to consist of a remnant structure formed as a result of the collapse of the oxide/hydroxide gel formed by the electrochemical oxidation. This structure is made of interlocked rings produced by the collapse of the cavities formed in the gel layer. The passage of a current through the gel as a flux, normal to the metallic titanium electrode and the electrolyte, causes the cavities to line up, and when breakthrough occurs, to form a tubular structure. 40 The electronic/ionic conductivity of the gel layer and its viscosity clearly play a significant role in the formation of such tubes.
Recently, long tubular structures have been produced using organic electrolytes, therefore minimizing the amount of water in the electrolytic solution. For example, 7-m-thick tubes can be generated in a glycol-based electrolyte, which has a considerably lower electrical conductivity but a much higher viscosity. 41 Tubes up to 320 m long have been grown by Grimes and coworkers using polar organic electrolytes to enhance the extraction of Ti 4+ from the metal and inhibiting the growth of the barrier layer at the metal/oxide interface by using larger cations in the salts for a source of fluorine ions.
Nanotubes up to 1000 m have also been grown using ethylene-glycol-based electrolytes. 46 Schmuki et al. have obtained similar results 47 and enhanced the selforganization of the nanotube array by using a multistep anodization process. 48 It is of interest to note that tubes formed using organic electrolytes with a small water content (<0.5 wt%) are smooth, while those formed in waterbased media or organic media with a high water content have a rougher outer surface with ridges apparent on the tube walls.
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B. Nanotube formation mechanism
Several mechanisms for the formation of titania nanotubes have been proposed, involving the growth of pits into scallop-shaped pores, which lead to the generation of nanotubes, the initial development of a disordered "wormlike" structure, or a pH gradient between the top and the bottom of the pores. 28, 37, [50] [51] [52] [53] Previous transmission electron microscopy (TEM) observations by the authors, 40, 54 30 min into the anodization process, revealed that a series of interconnected cavities are initially developed, which allow current to flow within the oxide/ hydroxide film. Published mechanisms to date have not predicted such an interconnected structure, since they infer that a series of pits are initially formed through the barrier layer oxide.
C. Aims
The aim of this work was to examine the anodized titania film at different stages, in particular the very early stages of growth (30 s, 200 s, and 10 min). The samples used in the present work have not undergone ion beam thinning, since previous TEM 40 revealed that ion beam thinning can cause sufficient heating to crystallize regions of the thin film. While Mor et al. used a voltage ramp, rather than constant voltage, to produce tapered nanotubes, 50 we also observed that thicker tubes are obtained by applying an initial voltage ramp (or "sweep"). 54 Here, our approach consisted of application of a voltage sweep at the beginning of anodization and using TEM to study its effect on the development of the oxide and the tubular/porous network. Characterizing the very early stages of growth during the voltage ramp (30 s), at the end of a voltage ramp (200 s), and after the voltage ramp (10 min to 4 h) will elucidate the growth mechanism.
II. EXPERIMENTAL METHODS
A commercially pure (99.6%) titanium sheet (0.5 mm thick) was used as a substrate. Before being electrochemically oxidized, the titanium was ultrasonically cleaned in an isopropyl alcohol bath. Anodizing was performed by applying a variety of sweep rates (100, 500, and 1000 mV/s) to reach the final value of 20 V, and the potential was then held at 20 V for different times (10 min to 4 h). In the context of this work, the term "sweep rate" (or "ramp") defines the rate at which the voltage increases upward toward 20 V. In experiments for the 100 mV/s sweep rate, the process was interrupted before (after 30 s) or at the end of the sweep to 20 V (after 200 s) to investigate the early stages of the process by TEM. For comparison, one of the samples was anodized at constant voltage (20 V) without application of a voltage ramp. Using a Teflon electrochemical cell, the metal surface was exposed to the electrolyte (1 M Na 2 SO 4 + 0.5 wt% of NaF) at the anode, while a platinum mesh was used as a counter electrode (cathode). The electrolyte temperature was held constant at 20°C. The anodized specimens were examined by scanning electron microscopy (SEM) and TEM (models JEOL JEM2010 and JEOL JEM 1200, Japan). TEM samples were prepared by detaching portions of the oxide film from the substrate, mounting them in a double layer 200 mesh copper grid, and observing them directly at 120 or 200 kV.
III. RESULTS AND DISCUSSION
The decision to characterize the early stages of the growth process (30 s, 200 s, and 10 min) predominantly by TEM was made because SEM can view only the upper surface features of the developing oxide.
A. Structure at 30 s
A TEM image of a sample anodized for 30 s with a sweep rate of 100 mV/s (i.e., experiment stopped at 3 V) is shown in Fig. 1 . There is a barrier-type (pore free) layer, which can represent either the thermal oxide layer naturally formed on the metal once exposed to air or simply a portion of the oxide anodically formed at the metal/oxide interface, which has yet to be etched by fluorine ions. Figure 1 shows that the nucleation of pores and cavities has already started, as shown by the interconnected network above the barrier layer. Considering the high level of interconnection registered in the anodic layer (at least at the beginning of the process), it is unlikely to have a pH gradient between different parts of the film, as previously reported. 53 Since the specimen is anodized for 30 s, it is reasonable to assume that the development of cavities starts almost simultaneously with the formation of the oxide. In contrast to previous work under potentiostatic conditions, a barrier layer (approximately 50 nm at 25 V) is immediately formed before any etching by fluorine ions commences. 37 The inset of Fig. 2(a) interface reaches its maximum thickness within seconds. The current then rises as a result of pore formation and finally becomes constant. For any given electrolyte and voltage, the rate of electrochemical oxidation is mainly determined by the thickness of this barrier layer beneath the porous structure. [42] [43] [44] [45] So the oxidation process remains active, ions are required to move through this insulating layer by ionic conduction. Finally, the current becomes constant, indicating equilibrium between the competing electrochemical oxidation and chemical dissolution. Although ionic conduction through the porous layer is higher than that in the underlying barrier layer, electrochemical oxidation at the oxide/electrolyte interface will decrease as the depth of the nanotubes increases. Near equilibrium, the ratio between electrochemical oxidation and chemical dissolution changes slowly until the oxidation and dissolution rates at the mouth of each nanotube (oxide/electrolyte interface) are equal and nanotube thickness is no longer time dependent.
A somewhat different scenario develops if the same voltage (20 V) is applied after an initial voltage ramp. Figure 2(a) shows the current transient registered after application of different sweep rates (mV/s) to reach the final voltage, 20 V. The current decays to a minimum, indicating that the barrier layer at the M/MO interface has achieved its maximum thickness, and then rises when pores are generated in the freshly formed hydroxide layer and links with cavities already formed during the voltage ramp. The current then becomes almost constant or decreases slowly, suggesting an approach to equilibrium conditions. This results in a constant thickness layer of nanotubes regardless of anodization time. The conditions used here allow growth of 1.5-2-m-thick nanotube layers, twice the thickness achieved under the same conditions (voltage, electrolyte, time), but with no initial sweep, 40 confirming that in the latter case the barrier layer quickly reaches its maximum thickness. The use of a voltage ramp allows pore nucleation to occur on a relatively thin metal oxide film, thus optimizing the current flow through the insulating oxide layer. Chemical dissolution is determined mainly by fluorine concentration and solution pH and is constant. However, with a voltage ramp, the growth rate of the oxide starts from a minimum and progressively increases with the increase in voltage. This allows the development of cavities and pores before the structure corresponding to the final voltage, 20 V, is formed and stabilized. Current passing through this porous network of channels contributes to postponing the point at which electrochemical etching balances the chemical dissolution.
It is interesting to note that at higher sweep rates (e.g., 1000 mV/s), the equilibrium point is postponed to longer times [ Fig. 2(a) ]. This could well be related to the reduced diffusion layer developed at the higher sweep rate, which more readily allow fluorine ions to etch the surface. Figure 2 (b) shows current-voltage curves registered from samples anodized at different sweep rates. During the upward ramp, it can be seen that current rises and then becomes almost constant. The resistance of the oxide increases with thickness, but this is overcome by the increasing voltage and by the nucleation and development of linked cavities. This has been clearly shown in the TEM micrographs (Fig. 1) to take place from the very early stages (30 s) of the anodizing process. 
B. Structure at 200 s
Figures 3(a)-3(c) offer further information of the anodic oxide, once the voltage ramp is terminated at 20 V (200 s at 100 mV/s). The sample was prepared from the anodized layer lifted off the surface of the electrode and dispersed on a carbon film supported on a 200 mesh copper grid. The film consists of an arrangement of dense arms around a central low-density cavity or pore, the specimen being transparent to the electron beam. At the edge of the specimen where the film has fractured, the morphology of the arms of the structure is more apparent, and they can be seen to form a three-dimensional (3D) network surrounding the cavities. The micrograph in Fig. 3(a) shows a fine-grained structure made up of two regions, the first being the fine-grained interface layer and the second the anodized oxide on which has developed the network of arms of the 3D mesh. It is clear in Figs. 3(b) and 3(c) that the network formation at this stage is dependent on the formation of cavities, which vary in shape and, to a degree, in size. Indeed, within one of the cavities, several smaller cavities can be seen which stabilize the structure. It is also apparent that many of the cavities have linked up and that a passage exists through the anodized TiO 2 film, which will allow the movement of Ti 4+ ions between the anode surface and the electrolyte and therefore the controlled growth of the film. Figure 3(d) shows distinct regions of amorphous material together with very small (∼8-10 nm) regions of crystalline material, evident from the lattice imaging.
Oxide growth 55 has been reported to proceed via titanium hydroxyl intermediates that are later dehydrated to the oxides. The anodized layer, seen in Fig. 4(a) , consists of a remnant skeleton, possibly that of a hydroxide gel that initially forms and subsequently dehydrates. The series of channels grow via the linking of pores, which leads to the development of the arrays of nanotubes on the surface of the titanium electrode. The structure at first sight appears to be amorphous and will appear so under x-ray diffraction (XRD) examination as a consequence of the small crystallite size. Close inspection at very high TEM magnifications [ Fig. 4(b) ] gives some indication of occasional crystallinity in that there are small islands of crystalline phase ∼1-2 nm diameter within the arms of the structure. Such a structure indicates that the gel is on the point of crystallization and the nuclei present have been formed by the random differences in concentration, temperature, or anode interface morphology. The presence of very fine crystals is also indicated by the continuous rings [ Fig. 4(c) ]. The presence of larger crystals with small ones could be responsible for the generation of the elongated spots. Zhao et al. 52 revealed that nanotubes were partially crystalline at 20V/30 min and that the crystallization was thought to be related to dielectric breakdown. Clearly, crystalline regions are present at very early stages of growth (200 s).
C. Structure at 10 min
After a somewhat longer anodizing treatment (10 min), a thicker layer of the porous TiO 2 phase is formed, which is still transparent to the electron beam [ Fig. 5(a) ]. This allowed the electron diffraction pattern [ Fig. 5(b) ] to be taken, which clearly shows this outer film is amorphous with no sign of crystallinity. The structure of the amorphous film is at this stage developing into a partially ordered arrangement of connected pores having a rough interior surface. The shapes of the "tubes" are still highly irregular, not yet having equilibrated under the driving forces, such as surface tension, active within the film.
D. Structure at 2-4 h
The minimum anodization time required to obtain a relatively organized nanotube structure is 90-120 min. After 2 h, the self-order of the structure has increased compared to 10 min, as can be seen in Figs. 6 and 7. The tubular-like morphology is clearly visible using SEM at low magnification [ Fig. 6(a) ]. At higher magnification [ Fig. 6(b) ], the oxide rings pile up to create the nanotubes and can be clearly observed beneath the top layer. Additional details are provided by TEM images, as shown in Figs. 7(a)-7(d). Figure 7 (d), taken from a tilted sample (45°) shows a cross-sectional view of the tubes and again confirms that the anodic layer prepared in a water-based electrolyte is better described as formed from a stack of rings rather than smooth tubes. 40 An aspect rarely mentioned in previous growth models is the evolution of oxygen at the anode, which occurs during anodization of titanium. 56 For all our experiments, gas evolution was observed at the anode, particularly during the early stages of the process. The initial porous structure is formed in the presence of fluorine but is possibly aided by water electrolysis at the anode. In addition, the presence of channels where electrolyte and ions can flow also enables continued oxygen evolution, while for barrier-layer (pore-free) type TiO 2 , oxygen evolution occurs only at the very early stages of growth.
IV. CONCLUSIONS
The use of a ramped voltage during the early stages of anodization allows a well-interconnected porous network to form and maintains oxidation for a longer period. TEM analysis has provided new insight into the development of nanotube growth. Within a very short time (30 s), the structure of the film becomes porous and remains amorphous (up to 200 kV electrons) in nature. However, there is some evidence of small, isolated regions of ordered structure in the as-prepared anodized film at 200 s. The crystallites tend to form in the more dense arms of the coral-like structure that develops as the pores start to link up to form tubular structures. The morphology of the structure arises when the anodized film is in an amorphous state. This facilitates rearrangement of the nanostructure of the film under the influence of the electrical potential across it during the anodization process by enhancing ionic conduction of the active species particularly at free surfaces, where rapid ion transfer by means of the liquid electrolyte could take place. As the anodized film increases in thickness, the pores link up and form a kinked tubular structure through the thickness of the film (10 min), eventually straightening after an extended time (>2 h) and becoming aligned perpendicular to the electrode surface, leading to the formation of a stack of rings. Any mechanistic model of titania nanotube formation must be able to account for the development and growth of such a series of structures.
